Precise Point Positioning (PPP) has been widely used in navigation and orbit determination applications as we can obtain precise Global Positioning System (GPS) satellite orbit and clock products. Kinematic PPP, which is based on the GPS measurements only from the spaceborne GPS receiver, has some advantages for a simple precise orbit determination (POD). In this study, we developed kinematic PPP technique to estimate the orbits of GRACE-A satellite. The comparison of the mean position between the JPL's orbit product and our results showed the orbit differences 0.18 cm, 0.54 cm, and 0.98 cm in the Radial, in Along-track, and Cross-track direction respectively. In addition, we obtained the root mean square (rms) values of 4.06 cm, 3.90 cm, and 3.23 cm in the satellite coordinate components relative to the known coordinates.
INTRODUCTION
The Gravity Recover y And Climate E xperiment (GRACE) satellite was developed as part of the combined project carried out by National Aeronautics and Space Administration of the US and Deutsches Zentrum fur Luft und Raumfahrt of Germany. Major duties of the GRACE satellite include the precise mapping process for the gravity field of the Earth, and the measuring process for the related time changes (Tapley et al. 2004 ). For such a purpose, two units of the GRACE satellite have been arranged and put on the same orbit with the distance of about 200 km both them.
For the precise calculation of the satellite orbit and the measurement of the gravity field of the Earth, the GRACE satellites are equipped with the BlackJack GPS Receiver, the Super STAR Accelerometer, the Star Sensor (Star Tracker), the K-band Ranging System, and the Satellite Laser Ranging Reflector. The BlackJack GPS receiver installed on the GRACE satellites can be used up to 16 channels. The twelve
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Byung-Kyu Choi 1 † , Kyoung-Min Roh 1 channels are used for the measurement of the precise orbit, while the remaining four are used for the measurement of the occultation for the GPS satellite. The GPS measurements of GRACE satellites are obtained with 10-second intervals.
The orbit estimation of the low earth orbit (LEO) satellite largely is classified into kinematic, dynamic, and reduceddynamic methods. They can be applied in the orbit determination based on different types of observation data and data-processing strategies. The 'dynamic' method is the most general method of the orbit determination. All factors of the physical acceleration which affects the satellite and every related model parameters should be considered. Since the 'kinematic' method requires only the GPS measurements without using the orbital equation, it can be applied to the orbit determination in a simple way (Montenbruck 2003) . However, this could reveal different performances for the orbit of the satellite based on the level of accuracy given by the measurement model and the quality of the observation data. The 'reduced-dynamic' method applies the geometrical correction to the orbit of the satellite, which is obtained by using the typical 'dynamic' method, by using the GPS measurement. The well-known GIPSY/OASIS II developed by Jet Propulsion Laboratory (JPL) of the US can be regarded as the most representative software which is used to the orbit determination of the satellite with the 'reduced-dynamic' method (Webb & Zumberge 1995) .
In recent studies, Li et al. (2010) obtained the root mean squares (RMS) value within the error of 3-5 cm along the radial direction of the GRACE-B satellite with the Kinematic PPP for seven days. Choi & Lee (2011) also precisely determined the GRACE-A orbit by using the Bernese 5.0 software which is developed by Bern university in Swiss. They presented that the orbit error in the solution is typically within 3-5 cm RMS.
In this study, the dynamic models were not applied for the orbit determination of GRACE-A satellite. We used the 'kinematic' method with the dual-frequency GPS data. For the 'kinematic' POD, the precise point positioning (PPP) technique was also applied (Kouba & Héroux 2001 , Bisnath et al. 2002 , Geng et al. 2010 . In addition, this study described the strategies for the pre-processing of the GPS data, the composition of the measurement equation, and the orbit determination. In order to verify the results obtained with our software, the results were compared to the 'reduced-dynamic' method of JPL.
MEASUREMENT EQUATION AND ORBIT DETERMINATION STRATEGIES
In general, the onboard GPS receivers at the LEO satellite receive dual-frequency GPS code and carrier phase observations. The measurement equation of carrier phase for the LEO satellite is as the following Eq. (1) ( )
where ρ is the geometric distance between the GPS receiver and the satellite, δ t and δT are the clock errors related to the satellite and the receiver respectively, c is the speed of light, δpco is the antenna phase centers and the related changes of the satellite and the receiver, λ is the wavelength, and n is the linear combined float ambiguities, є is the system noise including multi-path. Ionosphere error can effectively be removed more than 99% by forming a linear combination of dual-frequency observables. In case of the low-orbit satellite, the tropospheric delay is not considered (Hofmann-Wellenhof et al. 2008 ).
The pre-processing process step of the GPS data contains the outlier detection, the cycle-slip detection and the calculation of initial ambiguities. The main purpose of the pre-processing step is to obtain the reliable GPS measurements ahead for the orbit determination. Table 1 shows the cycle-slip occurrence rate given by the Melbourne Wubbena combination. When any value exceeds the marginal value (2 sigma) which is established in advance through the pre-processing process, the state is regarded as the cycle-slip. As the GRACE-A satellite moves very fast (7 km/sec) and is exposed on severe environment in the space, the cycle-slip occurrence rate was revealed to be about 6.9%. This means that 6.9% of the total amount of the GPS data is not used for the orbit determination of the satellite. Table 2 gives information about the orbit estimation of the GRACE-A satellite. The Extended Kalman Filter (EKF) was applied in our software for the orbit estimation of the GRACE-A satellite. The parameters estimated in a process are consisted of the receiver position, the clock error of the receiver, and the drift of the clock error.
The phase center offset value of the GPS antenna mounted on a face of the GRACE-A satellite is represented in Table 3 . As the Earth observing satellites including the GRACE-A satellite maintain the local vertical local horizontal coordinate in the normal operation, we assumed Table 3 . Phase center offset of the GPS Receiver onboard on the GRACE-A Satellite (Jäggi 2006) .
GRACE-A antenna offset
East ( that the GPS antenna of the GRACE-A satellite set in the zenith direction. Choi et al. (2012) developed the kinematic PPP method. In this study, the kinematic PPP was applied to the precise orbit determination for the GRACE-A satellite. We processed the GPS data obtained from the GRACE-A satellite for 5 days from October 9 to October 13, 2008. The data-processing has been carried out on a daily basis. The orbit of the GRACE-A satellite was calculated in 60 second intervals. For the verification of the results, we compared these results with the orbit product provided by the JPL. The final results were shown in the mean value and the RMS value for the errors of the satellite orbit. Figs. 1a-e show the results obtained by processing the GPS data received at the GRACE-A satellite for 5 days. Fig. 1a shows the results obtained by processing the GPS data received by the GRACE-A satellite on October 9, 2008. The mean position errors of the GRACE-A satellite in total were 0.05 for the radial direction (towards the center of the Earth), -0.62 m for the along-track direction (towards the moving direction of the satellite), and 1.51 m for the cross-track direction (towards the crossing direction of the moving direction of the satellite). The RMS values of the position error were 3.79 m for the radial direction, 3.51 m for the along-track direction, and 2.97 m for the crosstrack direction. The mean position error of the cross-track direction was relatively larger than those of other directions, whereas the RMS value of the cross-track direction was relatively stable compared to those of the radial and the along-track directions. Fig. 1b shows the results of the dataprocessing on October 10. Similar to the results obtained from on October 9, the mean position error of the crosstrack direction was 1.09 m which was relatively larger than those of other directions. However, the RMS value of the cross-track direction was relatively stable compared to the radial direction (4.57 m) and the along-track direction (4.49 m). Figs. 1c-e show the processing results of the data obtained from October 11 to October 13, 2008. The mean position error of the GRACE-A satellite, which was calculated for the three days, was less than 1.5 cm for each component. The mean position error of the cross-track direction was relatively larger than those of the radial and the along-track directions. With respect to the RMS values about the position error of the GRACE-A satellite the one of the cross-track direction was the smallest, whereas the ones of the radial and the along-track directions were relatively large. In general, when processed the data received by the GPS reference stations, the position error of the horizontal direction becomes small and stable. The position error of the upward direction is considerably larger. The RMS value of it is large. The orbit results of the GRACE-A satellite with the kinematic PPP showed a small error at the horizontal direction. The RMS value of the radial direction was revealed to be large. As the kinematic method uses the GPS measurements only, the orbit accuracy of the GRACE-A satellite was similar to the results of the GPS reference stations. Fig. 2 shows the mean position error of the GRACE-A satellite with the kinematic PPP on a daily basis. As seen in Fig. 2 , the position error of the GRACE-A satellite with the kinematic PPP was less than 2 m. By combining all the data-processing results for five days, the mean position errors for the radial, along-track and cross-track directions of the GRACE-A satellite were 0.19 cm, 0.65 cm, and 1.06 cm respectively. As a result, it suggested that the kinematic PPP method applied in the study can produce a very precise orbit and reliable results. Fig. 3 shows the RMS values of the position errors for the GRACE-A satellite. Like the results of Fig. 2 , by combining the results on a daily basis, the RMS values of the radial, along-track, and cross-track directions on the satellite coordinate system were 4.32 m, 4.29 cm and 3.58 cm respectively. The radial direction of the GRACE-A satellite was calculated to be the most unstable, whereas the crosstrack direction of it was the most stable. The radial direction has relatively large error that is affected by the geometry of the GPS satellites. On the other hand, the error of the crosstrack direction of the satellite was relatively small. These results are similar to the data processing results of the GPS reference stations.
RESULTS AND VERIFICATION
With respect to the position errors of the GPS reference stations, the error in the north direction on the navigation coordinate system is the most stable and the smallest. Since the north direction of the GPS reference station is subject to the cross-track direction on the satellite coordinate system, the error for the cross-track direction of the GRACE-A satellite would be small.
We compared the estimated results with the results of the JPL for the same periods. The mean position error of the cross-track direction was estimated to be relatively greater than those of other directions. On the other hand, the RMS value of the cross-track direction was estimated to be small. The mean position error of the cross-track direction was relatively greater. We assume that it would be caused by the satellite attitude, an inconsistency of the phase center offset of the GPS antenna onboard, and the phase wind-up effect.
SUMMARY AND CONCLUSION
In this study, the kinematic PPP method was applied to determine the precise orbit of the GRACE-A satellite. In order to estimate the stable orbit of the GRACE-A satellite, the pre-processing step was implemented. We also provided the cycle-slip occurrence rates for all GPS satellites with the Melbourne Wubbena combination. The dual-frequency GPS data, which obtained from the BlackJack GPS receiver onboard on the GRACE-A satellite, were processed for 5 days from October 9 to October 13, 2008. The GRACE-A satellite orbit was estimated in 60 second intervals. For the verification of the satellite orbit, we compared our results with the orbit product provided by the JPL. When compared two results, the mean position errors for the radial, alongtrack and cross-track direction of the GRACE-A satellite showed the differences of 0.19 cm, 0.65 cm, and 1.06 cm respectively. The RMS values for the radial, along-track and cross-track direction showed the differences of 4.32 cm, 4.29 cm, and 3.58 cm respectively. From a detailed comparison, our results indicate that the radial direction error of the GRACE-A satellite is the most unstable, whereas the crosstrack direction of the GRACE-A satellite is the most stable. As a result, when we compared our results with the previous studies (Li et al. 2010 , Choi & Lee 2011 , our software for the orbit determination of the GRACE-A satellite can provide very precise results.
